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WRF-DUST 48

Introduction 50
Dust particles have wide impacts on the Earth's radiative forcing budget (Liao et al., To reduce dust pollution problem and to improve the environmental conditions, the 66
Chinese government has taken great efforts in initiating large-scale ecological 67 restoration programs (ERPs) (Yin and Yin, 2010; Cao et al., 2011) . Chinese ERPs are 68 among the biggest programs in the world because of their ambitious goals, massive 69 scales, huge payments and potentially enormous impacts. As a result, the "Green Wall 70
of China" has been established in North China (Duan et 
Dust pollutants measurements 125
The China Ministry of Environmental Protection (China MEP) has commenced to 126 release real-time hourly observations of pollutants since 2013, including O 3 , NO 2 , CO, 127 SO 2 , PM 2.5 , and PM 10 (particulate matter with aerodynamic diameter less than 2.5 and 128 10 µm, respectively). We collected the hourly near-surface PM 2.5 and PM 10 mass 129 concentrations from the China MEP (http://www.aqistudy.cn/). Because there are no 130 detailed aerosol compositions measurements, the PM 2.5-10 (particulate matter with 131 aerodynamic diameter between 2.5 and 10 µm) mass concentrations (defined as 132 (Fig. 1a) . Because the prevailing winds were dominated 140 by west winds, the most measurement sites (as shown in Fig. 1a ) locate in the 141 downwind area of the dust source regions (such as barren lands and deserts). As a 142 result, the China MEP measurement network provides a good opportunity to explore 143 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-855 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 27 October 2017 c Author(s) 2017. CC BY 4.0 License. the dust pollution evolution. 144
MCD12Q1 data assimilation and land cover changes assessment 145
We quantitatively evaluated the characteristics of annual land cover using the MODIS 146 land cover products (MCD12Q1), derived from the Terra-and Aqua-Moderate 147
Resolution Imaging Spectroradiometer (MODIS) observations (Friedl et al., 2002) . database of high quality land cover training sites (Friedl et al., 2010 shows the land use categories for the WRF-CHEM MODIS data and MCD12Q1. We 161 conducted the geospatial processing to assimilate the MCD12Q1 data (500 m) to fit in 162 the WRF-CHEM model (9 km in the present study) by the following steps. 
178
ranges from 0 to 1, representing the emission potential of the specified dust source (k) 179 in each grid cell (i, j). The larger !,!,! , the higher dust emission potential. 180
WRF-DUST model and configurations 181
In the present study, we utilized a specific WRF-DUST model developed based on a 182 
Where G is the dust emission flux (kg s -1 ); p is the dust size bin; C is a dimensional 193 factor (0.8 µg s 2 m -5 ); γ is the dust particle fraction; E is the probability soil erosion 194 factor; V is the near-surface wind velocity at 10 m (m s The R ranges from -1 to 1, with 1 implicating perfect spatial consistency of 239 observation and prediction. 240
Results and discussions 241
Land Cover change induced by ERPs 242
The land surface changes due to the ecological restoration programs (ERPs) were 243 assessed using the MCD12Q1 product. From 2001 to 2013, the land cover exhibits 244 two obvious vegetation increase trends between the dust source region in northwester 245
China and dense populated areas in eastern China. Firstly, there is a regional 246 grass/savanna increase trend with obvious LUF increase of grass/savanna categories 247 (Fig. 2b) , corresponding with a regional LUF decrease in barren categories in 248 northwestern China (Fig. 2a) . The result is consistent with the previous research 249 based on long-term official and synthesized data, which also found a decreasing trend 250 of soil erosion areas in four provinces (e.g. Inner Mongolia, Gansu, Qinghai, and 251 Xinjiang), especially after 2000 (Zhang et al., 2016) . Secondly, a regional forest LUF 252 increase trend occurs in the northwestern NCP (Fig. 2c) 
Model performance 270
The hourly measurements of [PMC] in both the dust source region (DSR) and the 271 downward populated region (NCP region) were used to validate the WRF-DUST 272 model simulations. (Fig. 3a) , whereas occurred on 5 278
March within NCP (Fig. 3b) . In the DSR region, the calculated results show a same 279 phase of the peak value compared with the measured peak on 4 March. However, the 280 calculated peak values show some underestimates of the measured value. In the NCP 281 region, the calculated results show a same phase of the peak value compared with the 282 measured peak on 5 March. The calculated peak value is similar to the measured peak. 283
However, after the peak value (after 6 th March), the calculated results underestimate 284 of the measured value. four provinces of NCP (the locations of these provincial average show in Fig. 1b) , the 292 time-lags are about 12 hours (Fig. 3b) . 293
The statistical results show that the model generally exhibits good performance in 294 simulating [PMC] in the DSR region, involving IOA of 0.96 and NMB of 2% for 295 DSR. For the related provinces, all the IOAs exceed 0.85 and absolute NMB are 296 lower than 13% (Fig. 3a1-5) . The model also generally reproduces the observed 297
[PMC] in NCP, with IOA of 0.83 for NCP and IOAs exceeding 0.67 for related 298 provinces. However, the model biases still exist, considerably underestimation biases 299 occurred on 6-7 March in NCP. The model underestimates considerably the observed 300
[PMC] with average NMB of -15% in NCP (Fig. 3b0) . And the model cannot well 301 predict the observed [PMC] in Tianjin (Fig. 3b2) , which is affected by the sea breeze 302 when the large-scale wind fields are weak (Fig. 5e, 5h) . In general, however, current 303 numerical weather prediction models, even in research mode, still have difficulties in 304 producing the location, timing, depth, and intensity of the sea-breeze front (Banta et 305 MBs varying from -25% to -3% (Fig. 3b1, b3-5) , showing model biases in modeling 308 precipitation processes. 309
The episode-averaged calculation was compared with the measured result in Fig. 4 . 310 simulation is also able to provide a more detailed horizontal distribution, while the 314 measured data is generally lack of the data in the remote desert area (see Fig. 4a ). The 315 correlation coefficient (R) between the simulations and observations is 0.77 (see Fig.  316   4b) , suggesting that the model simulation is able to represent the measured result 317 (Fig 5a) . On 323 3 March, the dust storm was strengthened in the upwind DSR region (Fig 5b) . On 4 324
March, the dust storm was further strengthened in the upwind DSR region. The area 325 of the dust storm in DSR was enlarged, and the concentrations of [PMC] were the 326 highest values of the episode, reaching to 300-500 µg m -3 . In addition, there were 327 strong northwest winds (> 10 m s -1 ). Due to the strong northwest prevailing winds, the 328 dust storm started to be transported from upwind DSR to downwind NCP with 329 northwest to southeast direction (Fig 5c) . On 5 March, due to the strong northwest 330 prevailing winds in the previous day, the dust storm reached to the NCP region, and 331 caused a remarkable [PMC] increase, with the concentrations rise to 100-200 µg m -3 . 332
At the same time, the dust plume was dispersed in DSR, showing a significant 333 decrease in [PMC] . The model results well represented these important feathers (Fig  334   5d) . On 6-7 March, the dust storm passed through and the wind speed slowed down, 335 the [PMC] significantly decreased in both the DSR and NCP regions (Fig. 5e-f) . The 336 correlation coefficients between measured and simulated [PMC] are 0.58-0.90 in 337 starting stage of the dust storm (Fig. 5a-5c) , and 0.62 -0.73 in the later stage of the 338 dust storm (Fig. 5d-5f) . 339
Generally, the WRF-DUST model well captures the spatial variations and temporal 340 evolutions of dust storm during the episode. However, some model biases exist. For 341 example, the model underestimates the observed [PMC] in NCP, especially during the 342 later stage of the episode on 6-7 March (Fig. 5e-f 
Effect of ecological restoration on dust pollution 346
The evaluation the model simulation during dust storm episode suggests that the 347 downwind areas, which can be used to assess the effect of ecological restoration on 349 the dust pollution in the populated region, such as NCP. (Fig. 2a, 2b, Fig. 6b, 6d) . The ERPs generally reduce the dust pollution in NCP 367 during the dust storm episode, except in Henan province. The episode-average [PMC] 368 reduction is -10% to -2% in the heart of NCP (BTH; Beijing, Tianjin, and Hebei) and 369
Shandong. In northern Hebei, the episode-reduce [PMC] can reach as high as -20% to 370
-10% (Fig. 6b, 6d) . The changes of [PMC] are generally negative, implicating the 371 effectiveness of ERPs in preventing the dust pollution in NCP, especially for BTH. 372
During the episode when the dust storm was transported from the DSR to NCP, the 373 benefits of ERPs induced dust pollution reduction are remarkable, with the reduction 374
of [PMC] ranging -5% to -15% in NCP. The highest reduction of [PMC] induced by 375
ERPs are -15.3% (-21.0 µg m -3 ) for BTH and -6.2% (-9.34 µg m -3 ) for NCP (Fig 6a,  376   6c ). 377 (Fig 6a, 6c) . To capture 382 different dust pollution phases, we analyzed the [PMC] change distributions for these 383 time points (Fig. 7) . At T1, the dust storm started and was limited in DSR (Fig. 7a) . 384
Hence, ERPs caused prominent [PMC] decrease in DSR (-16.7 µg m -3 ), whereas had 385 small influence in NCP (lower than 2.0 µg m -3 both in NCP and BTH) (Fig. 6a, Fig.  386 7b). At T2, dust storm was transported from DSR to NCP. As a result, the [PMC] 387 values were diluted in DSR, while were enhanced in NCP (Fig. 7c). [PMC] decrease 388 (Fig. 7d) . At T3, the dust storm moved 390 from the source region to the downwind NCP region (Fig. 7e) . The ERPs significantly 391 reduced the dust pollution in the NCP region (Fig. 7f) (Fig. 6a, 6c) . At T4, it was 393 the point of the end of the dust episode, and the [PMC] values wee started to decrease 394 (Fig. 7g) . 395
Summary and conclusions 396
Dust pollution has significant impacts on human's life in China, especially in 397 springtime. To reduce dust pollution problem, Chinese government has taken great 398 efforts for initiating national ecological restoration programs (ERPs) since 1978. 399
Despite the incontestably great changes of surface properties induced by ERPs, the 400 effectiveness of ERPs in dust pollution control is not well understood. In the present 401 study, we are trying to assess the impact of ERPs on the dust pollutions, especially in 402 the downwind populated region (NCP). First, the ERPs induced land cover changes 403 are investigated, using the long-term satellite measurements. The gridded LUF 404 matrixes are calculated and then assimilated, which can provide more accurate surface 405
properties than previous studies, especially for the dust emissions due to wind erosion The air pollution is severe in eastern China, especially in NCP, and the dust pollutions 431 have important contributions to the severe air pollutions. This study shows that ERPs 432 help to reduce some air pollutions in the region, especially in springtime, suggesting 433 the important contribution of ERPs to the air pollution control in China. It should be 434 reiterated that, considering the limitation of case study and the sparse empirical 435 evidence, the main focus of this study does not intent to give a general conclusion, but 436 rather to provide some insights of the effect of ERPs on the downwind area, where 437 heavy haze often occurred due to anthropogenic air pollutants. 438 
